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Abstract 
In this study, based on an open source CFD package OpenFOAM we carried out a number of numerical simulations 
using Reynolds Averaged Navier-Stokes (RANS) and Large Eddy Simulation (LES) approaches. The numerical 
investigation has been implemented for various step angles (10o, 15 o, 20 o, 25 o, 30 o, 45 o, and 90 o), different 
expansion ratios (1.48, 2.00 and 3.27), and Reynolds numbers (5000, 8000, 11000, 15000, 47000 and 64000). The 
comparisons of the flow structures, separation flows and reattachment lengths between the numerical results and the 
observations show very good agreement. The results obtained from LES show a better agreement with the 
observations than the results obtained from RANS model. 
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1. Introduction 
The study on the flow over a backward-facing step is very important in hydraulic structures and HVAC systems. 
The most important characteristics of such flows are the internal flows, flow separation and reattachment caused by 
sudden changes in cross-section geometries. Experimental study for 90o backward facing step flows was intensified 
for a wide range of Reynolds numbers and at different expansion ratios, such as Armaly et al. (1983), Ruck and 
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Makiola (1993), Lee and Mateescu (1998), Auburn et al. (2000), etc. A number of significant numerical studies of 
turbulent flows over 90o backward facing step have been intensively carried out using Reynolds Averaged Navier-
Stokes (RANS) Equations; e.g. Armaly et al. (2003), Nallasamy (1987), Speziale and Ngo (1988), Thangam and 
Speziale (1992), Lasher and Taulbee (1992). However there are still limited numerical results obtained from higher 
accuracy turbulence calculation methods, such as Large Eddy Simulation (LES), Direct Numerical Simulation; e.g. 
Le et al. (1997), Fureby (1999), Meri et al. (2000), etc., particularly DNS is mostly applied for a low-Reynolds 
number, and still very expensive.  
Several experiments and numerical studies have been conducted for 90 degree step angle with different expansion 
ratios, however a detailed study on the turbulent structures, separation flows and reattachment lengths for various 
step angles is still not well documented. In this study, we have carried out a number of numerical simulations 
following the experimental cases of Ruck and Makiola for the geometry shown in Fig. 1, with various step angles 
(10o, 15 o, 20 o, 25 o, 30 o, 45 o, and 90 o), different expansion ratios (1.48, 2.00 and 3.27), and Reynolds numbers 
(5000, 8000, 11000, 15000, 47000 and 64000), as shown in Table 1.  
 
Fig. 1. Geometry of the experimental channel 
     Table 1. Parameters of Ruck & Makiola’s experimental cases 
Reynolds number Expansion ratio Step angle(D) 
5000 1.48 10, 15, 20, 25, 30, 45, 90 
8000 1.48 10, 15, 20, 25, 30, 90 
11000 1.48 10, 15, 20, 25, 30, 90 
15000 1.48 10, 15, 20, 25, 30, 45, 90 
47000 1.48 10, 15, 20, 25, 30, 45, 90 
64000 1.48 10, 15, 20, 25, 30, 90 
15000 2.00 10, 15, 20, 25, 30, 45, 90 
64000 2.00 10, 15, 20, 25, 45, 90 
5000 3.27 15, 20, 25, 90 
8000 3.27 15, 20, 25, 90 
11000 3.27 15, 20, 25, 90 
15000 3.27 15, 20, 25, 90 
 
 
Nomenclature 
ER Expansion ratio  
Xr  Reattachment length 
α Step angle 
H Step height 
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To precisely capture the turbulence structures and separation flows, we applied RANS with two-equation k-ω 
(Wilcox, 1988) and LES with Smagorinsky-Lilly for sub-grid-scale (SGS) viscosity. A comparison between two 
methods, it shows that the LES approach can produce a better results of the flow behind the step. 
2. Numerical Equations 
Numerical simulations have been based on an open source CFD package OpenFOAM (http://www.openfoam.org) 
using Reynolds Averaged Navier-Stokes (RANS) and Large Eddy Simulation (LES) approaches. The main 
difference of two methods is the way to take the average of the instantaneous velocity and pressure terms from the 
Navier-Stokes (NS) Equations. While RANS is obtained from averaging the NS over a time period߂ܶ, LES is 
obtained from a space filtering of the NS which passes the large eddies and rejects the small eddies. The RANS 
method aimed at obtaining stationary numerical solutions, however the ambiguity in choosing the parameters of the 
model may lead to non-stationary flows after the step, so the non-stationary turbulent flow regimes may be obtained 
by LES approach. A summary of both approaches has been described below: 
2.1. RANS (k-ω) Model 
RANS based on two equation k-ω model (Wilcox, 1998), whose equations are presented as follows: 
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Where: U(U1, U2, U3), ݑ௜ ൌ ௜ܷ ൅ ݑ௜ᇱ , ui is instantaneous velocity, Ui is mean velocity over a time period ߂ܶ, ݑ௜ᇱ is 
fluctuating velocity; i=1,2 and 3 are corresponding to x, y, and z directions in Cartesian coordinates, ݌ ൌ ܲ ൅ ݌Ԣ, p is 
pressure, P and p’ are mean and fluctuating components of pressure. 
The Reynolds stresses is modeled by ߬௜௝ ൌ െݑపᇱݑఫᇱതതതതതത ൌ ߥ௧ ൬
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and the empirical coefficients are given by: ߪ௞ ൌ ʹǤͲǡ ߪఠ ൌ ʹǤͲǡ ߛଵ ൌ ͲǤͷͷ͵ǡ ߚଵ ൌ ͲǤͷͷ͵ǡ ߚכ ൌ ͲǤͲͻ 
2.2. LES Model 
LES momentum equation equations using the Smagorinsky-Lilly model for Sub-grid-scale (SGS) viscosity are 
rooted as follows: 
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The Sub-grid-scale stresses is modeled as following manner: 
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CSGS is a constant between 0.17 and 0.21  
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3. Numerical Results 
As shown in Fig. 2, the numerical results of the reattachment length depended on the inclined step angles show a 
good agreement with the observations of Ruck and Makiola for the Reynolds number of 64,000 and the expansion 
ratios of 1.48 and 2.00. The numerical results obtained from other cases for different Reynolds number and 
expansion ratio have also shown the same tendency. Fig. 3 shows the same results obtained the observations of Ruck 
& Makiola; i.e. for Re > 15000 the attachment length is no longer dependent on the Reynolds number, and it tends 
to be constant once the step angle larger than 30o. Fig. 4 shows a difference of numerical results obtained from 
RANS and LES in comparison with the observation, whereby the velocity profile obtained from LES method shows 
a best fit to the observation in comparison with the result obtained from RANS method. Fig. 5 shows a very good 
agreement between the numerical results (LES) and the observation of the velocity profile over the step of 10o and 
30o with Reynolds number of 47,000 and the expansion ratio of 1.47.  
    
Fig. 2. Comparison of reattachment length between Ruck’s experiment and numerical simulation 
 
Fig. 3. Reattachment length as a function of step angle for Re > 15,000, ER=2.0 
4. Conclusion 
The numerical investigation has tried to simulate the turbulent flow regimes over various step angles, different 
expansion ratios and Reynolds numbers following the experiments of Ruck and Makiola. The results have been 
verified that the reattachment length remains almost constant once Re > 15,000, even increasing of the step angle 
larger than 30o. The LES approach shows higher accuracy to capture the flow structures behind the step. A study on 
this characteristic will be carried out more on various Reynolds numbers and expansion ratios to give a further 
conclusion. 
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Fig. 4. Comparisons of velocity profile between RANS, LES and experiment for Re=5000 (up) and Re=8000 (down), α = 90R, ER = 1.48. 
 
 
Fig. 5. Comparisons of velocity profile between numerical results and experiment for Re=47000 and ER = 1.48. 
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